Our objective was to assess the relationship between hyperbilirubinemia with and without kernicterus and metabolic profile at newborn screening. Included were 1,693,658 infants divided into a training or testing subset in a ratio of 3:1. Forty-two metabolites were analyzed using logistic regression (odds ratios (ORs), area under the receiver operating characteristic curve (AUC), 95% confidence intervals (CIs)). Several metabolite patterns remained consistent across gestational age groups for hyperbilirubinemia without kernicterus. Thyroid stimulating hormone (TSH) and C-18:2 were decreased, whereas tyrosine and C-3 were increased in infants across groupings. Increased C-3 was also observed for kernicterus (OR: 3.17; 95% CI: 1.18-8.53). Thirty-one metabolites were associated with hyperbilirubinemia without kernicterus in the training set. Phenylalanine (OR: 1.91; 95% CI: 1.85-1.97), ornithine (OR: 0.76; 95% 0.74-0.77), and isoleucine + leucine (OR: 0.63; 95% CI: 0.61-0.65) were the most strongly associated. This study showed that newborn metabolic function is associated with hyperbilirubinemia with and without kernicterus.
of an immature blood brain barrier and clinical instability. [6] [7] [8] Phototherapy is an effective treatment for hyperbilirubinemia, and guidelines for phototherapy in preterm infants are based on total serum bilirubin (TSB) levels. [2] [3] [4] [5] 9, 10 However, the risk of bilirubin encephalopathy is not directly associated with TSB levels; kernicterus can occur in premature infants with only modestly elevated TSB levels. 5 In addition to gestational age, there are several other known clinical risk factors, including Asian race, previous sibling with hyperbilirubinemia, and exclusive breastfeeding. 2, 9 However, predicting who will eventually develop significant hyperbilirubinemia remains difficult. 11 A number of investigators have explored creation of screening tools that utilize characteristics to identify high-risk infants. Existing predictive models are based upon characteristics, such as TSB levels, mode of delivery, gestational age (GA), and body mass loss. [12] [13] [14] Derangements of the metabolism are known to be a major cause of decreased bilirubin clearance. 2 As such, we suspect that metabolic function itself may be associated with hyperbilirubinemia.
Here, we explore whether 42 metabolites collected as part of routine newborn screening (NBS) in California are associated with hyperbilirubinemia occurring with and without kernicterus and whether patterns may aid in identification of infants at increased risk of hyperbilirubinemia and new targets for treatment.
METHODS
We performed a population-based retrospective cohort analysis utilizing data collected by the California Office of Statewide Health Planning and Development (OSHPD) for California livebirths between 2007 and 2011. The OSHPD database contains information about infant and maternal characteristics, and was combined with NBS data using date of birth, hospital of birth, birth weight, and birth time to obtain metabolic marker information. The California Department of Public Health screens all newborn infants for inborn metabolic diseases by measuring markers in a heel-stick blood spot taken between 12 hours and 8 days after birth. 15 After linkage with OSHPD data, there were 1,826,145 infants eligible for analysis. Infants were excluded if they had birthweights outside four standard deviations from the mean for GA by sex, 16 GA outside the range of 22-41 weeks at birth, lacked full metabolic data, or were discharged after more than 7 days. After these exclusions, there were 1,693,658 infants included in the analysis. Exposed infants were any for whom the International Classification of Diseases 9th revision (ICD-9) diagnostic code for hyperbilirubinemia (774.0-774.9) appeared in hospital discharge records during the first year of life. We randomly divided the final cohort into a training subset used to build the multivariable models of 1,270,244 infants (75% of total) and a testing subset used to verify the multivariable models of 423,414 infants (25% of total).
Infant birthweight, GA, sex, age at NBS, feeding type at the time of newborn screening (breast milk only, formula only, and mixed breast and formula), timing of diagnosis (before and after discharge for birth), and maternal race/ethnicity, education, MediCal (California's insurance for low-income persons -a proxy for socioeconomic status), hypertension, diabetes, obesity, infection during pregnancy, and smoking during pregnancy were analyzed along with metabolites to determine their association with neonatal hyperbilirubinemia with and without kernicterus ( Table 1) . Characteristics and metabolites were chosen based on known or suspected associations with neonatal hyperbilirubinemia.
Amino acids and carnitines were measured using standardized mass spectrometry. Fluorometric enzyme assay was used to measure galactose-1-phosphate uridyl transferase and high-performance liquid chromatography was used to measure thyroid stimulating hormone (TSH) and 17-hydroxyprogesterone. 17 All metabolites were measured in units of μmol/L (see Table 2 for a complete list of metabolites measured and included in analyses).
Statistical analyses
All metabolites underwent natural log transformation prior to analysis to minimize skewness and the influence of outliers, and were treated as continuous variables. We performed χ 2 comparisons, Student's t tests, and univariate logistic regression to obtain odds ratios (ORs) and 95% confidence intervals (CIs) comparing infant/maternal characteristics and metabolic markers in cases and controls. All tests were two-sided and the threshold for significance was set at a Bonferroni-corrected P value of P = 0.0012 (0.05/42). Backward stepwise multivariable logistic regression was used to determine which variables were associated with hyperbilirubinemia with and without kernicterus after adjustment for other factors. For hyperbilirubinemia without kernicterus modeling, all characteristics and metabolites that met Bonferroni significance in the univariate tests were considered for inclusion and removed from the model at P > 0.05. Given small sample size, for infants with kernicterus, variables were considered for inclusion at P < 0.10 and removed from the model at P > 0.05. Due to the well-documented tendency of feeding type and age at NBS to influence metabolite levels, 18, 19 we adjusted for these factors in all models. Multicollinearity among predictors was assessed using variance inflation factors (VIFs).
Logistic regression was performed in various different subpopulations. We built models to predict hyperbilirubinemia without kernicterus and kernicterus alone and by GA groupings for hyperbilirubinemia without kernicterus (no such analyses were done for the kernicterus subgroup given the small sample size by GA grouping). We also assessed the performance of the models when the population was stratified by hyperbilirubinemia without kernicterus with and without diagnosis before birth discharge diagnosis. We evaluated the performance of the models in both the training and testing subsets using the area under the receiver operating characteristic curve (AUC) and cross-validated the results. All statistical analyses were performed using the software SAS version 9.4 (SAS Institute, Cary, NC).
Methods and protocols for the study were approved by the Committee for the Protection of Human Subjects within the Health and Human Services Agency of the State of California and the institutional review board of the University of California, San Francisco.
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RESULTS
Of the 1,270,244 infants in the training data set, 234,429 were diagnosed with hyperbilirubinemia without kernicterus, and 26 were diagnosed with kernicterus. Most (86.53%) of those with hyperbilirubinemia without kernicterus were diagnosed before being discharged from the hospital whereas only 7.69% of those with kernicterus were diagnosed before discharge for the birth ( Table 1) . We found that 11 of 13 infant and maternal characteristics as well as 41 of 42 metabolites exhibited crude differences between exposed and unexposed infants with hyperbilirubinemia and no kernicterus ( Table 2 ). In infants with kernicterus, two characteristics and 10 metabolites had a P < 0.10 ( In final multivariable models, one infant and maternal characteristics and 31 metabolites were found to be associated with hyperbilirubinemia without kernicterus ( Table 3) . The most strongly associated metabolites were phenylalanine (OR: 1.91; 95% CI: 1.85-1.97), ornithine (OR: 0.76; 95% CI: 0.74-0.77), and isoleucine + leucine (OR: 0.63; 95% CI: 0.61-0.65) with an AUC across all characteristics and metabolites of 0.633 (95% CI: 0.632-0.634) in the training set and 0.633 (05% CI: 0.631-0.636) in the testing set. The C-3 was associated with increased risk of kernicterus BMI, body mass index. a P < 0.0001 for the χ 2 test across groups except for pregnancy infection (P = 0.2039).
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Among infants of GA > 36 weeks, 11 characteristics and a total of 28 metabolites were associated with hyperbilirubinemia without kernicterus ( Table 4 
DISCUSSION
In this study, we observed novel associations between hyperbilirubinemia with and without kernicterus and newborn metabolic profile. Most notably we found consistent relationships between hyperbilirubinemia without kernicterus and lower TSH, higher tyrosine, higher C-3, and lower C-18:2 across GA groupings. Higher C-3 was also found to be associated with kernicterus.
Although it is known that preterm infants are metabolically distinct from their term counterparts, 15, 20 this study demonstrates that even when stratified according to GA, infants with hyperbilirubinemia with and without kernicterus are metabolically distinct from infants without hyperbilirubinemia.
With respect to infant and maternal characteristics, our observed association between maternal smoking during pregnancy and reduced risk of hyperbilirubinemia has been documented elsewhere. 21 It is thought that these differences may result from compounds in cigarettes that may induce microsomal enzyme systems, which increases the metabolism of bilirubin. 21 It should be noted that in the present study, smoking was not significantly associated with hyperbilirubinemia in the < 34-week GA group. This pattern may reflect the fact that low birthweight infants are less susceptible to hepatic enzyme induction. 21 This study also confirmed the importance of Asian race, male sex, low birthweight, young GA, maternal hypertension, maternal diabetes, and breastfeeding in observed patterns of risk. 2, 3, 9, 22 Interestingly, among infants of < 34 weeks GA, higher GA was associated with an increased risk of hyperbilirubinemia. One possible explanation for this finding may be that for extremely premature infants, practitioners administer phototherapy treatment before these infants reach a TSB level that would be recorded with an ICD-9 code.
The most consistent finding in the present study was the association between increased C-3 across hyperbilirubinemia with and without kernicterus groupings (overall and within GA groupings). A previous study by Zhao et al. 23 considered a possible relationship between C-3 and hyperbilirubinemia, and found that C-3 tended to be lower in infants with hyperbilirubinemia than their healthy peers and did not examine kernicterus specifically. Although that there are differences between their study and ours, it is of interest that we suspect that this difference may be explained by the small case size in their study (n = 32). Although at present it is unknown whether these patterns might point to potentially relevant etiologic pathways, of note is the fact that high C-3 levels are closely tied to methylmalonic academia and metabolic acidosis. 24 As such, future research focused on what link C-3 may have to hyperbilirubinemia and to kernicterus in particular is suggested by this work.
Other consistent patterns observed across GAs among those with hyperbilirubinemia without kernicterus included decreased levels of TSH, increased levels of tyrosine, and decreased levels of C-18:2. Although it is unclear what may underlie the relationship between hyperbilirubinemia without kernicterus and TSH, others have suggested that lower levels of TSH may suggest thyroid derangements. 25, 26 Tyrosinemia, characterized by increased levels of tyrosine, has also been shown to be related to hyperbilirubinemia, which might be caused transiently by immature liver enzymes. 27 It may be that infants with hyperbilirubinemia without kernicterus have less fully developed livers than their nonhyperbilirubinemic counterparts. Our finding of consistently lower levels of C-18:2 across GA groupings in those with hyperbilirubinemia without kernicterus is particularly interesting given wellestablished importance of C-18:2 (also known as linoleic acid) in maintaining good newborn health -particularly in premature infants. 28 Other findings from the present study may have important pathophysiologic implications. In infants ≥ 34 weeks GA, ornithine was significantly lower in infants with hyperbilirubinemia without kernicterus. Ornithine plays an important role in the urea cycle, which primarily occurs in hepatic cells. 29, 30 Other potentially relevant etiologic underpinnings are suggested by the patterns we observed for leucine and free carnitine. Elevated levels of leucine and isoleucine are consistent with abnormal metabolism of amino acids among infants with hyperbilirubinemia, and have been observed previously in term infants. 1 However, in the present study, decreased levels of leucine were seen in infants ≥ 34 weeks GA. Low levels of isoleucine and leucine are associated with malnutrition. 31 Insufficient intake of breast milk during the early neonatal period is a known cause of hyperbilirubinemia. 2, 3, 9 Breastfeeding-related hyperbilirubinemia may be one explanation for the decreased levels of leucine among cases in the two larger GA cohorts. This theory is further supported by the fact that decreased free carnitine levels, seen in the 34-36-week cohort, have also been observed in malnourished children. 31, 32 Lower free carnitine levels are also associated with decrease synthesis of albumin, 32, 33 which binds unconjugated bilirubin so that it can be excreted. 2 The findings from this study point to the utility of considering newborn metabolic function at birth in evaluating important risks and etiologic underpinnings of hyperbilirubinemia. Strengths of the study include the use of a diverse and large population-based sample of newborns, meaning that these models and the underpinnings they points to may be generalizable to many different populations. To our knowledge, this is the first investigation of hyperbilirubinemia to use routinely collected metabolic data.
A key limitation of the study is the lack of information about TSB levels that would have allowed us to assess the severity of hyperbilirubinemia. The lack of these data is likely a primary reason that the models in this study had lower predictive value compared with existing models that include TSB levels. [12] [13] [14] We were, however, able to pinpoint biomarkers other than bilirubin that are associated with hyperbilirubinemia and to predict hyperbilirubinemia across a greater range of GAs and ethnicities than any existing models. The addition of change in TSB levels between birth and time of diagnosis as a variable in this study's models would likely improve their predictive performance. Another limitation of our measure for hyperbilirubinemia is that practitioners may use different criteria when determining whether or not to include the ICD-9 code for hyperbilirubinemia in hospital discharge records. Some clinicians may use the code for any infant who appears jaundiced, whereas some may only include the code if an infant receives phototherapy. It should also be noted that, in the current study, we chose to include all babies diagnosed with hyperbilirubinemia within the first year of life, although 99.9% of diagnoses were within the first 30 days. Although we believe this was the best approach for 
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addressing all instances of hyperbilirubinemia, we were not well-powered to examine prediction after 30 days. Finally, we note that the full model and the GA 34-36-week model were not well-calibrated under the Hosmer-Lemeshow Goodness of Fit test. Although the numbers of observed and expected events were closely predicted by the model, the HosmerLemeshow tests indicated the differences were significant (GA 22-41 weeks P < 0.001; GA 34-36 weeks P = 0.003). This result may be a consequence of the extremely large data set, rather than evidence that the model is truly poorly 
